Context: Shift work, which imposes a habitual disruption in the circadian system, has been linked to increased incidence of cardiometabolic diseases, and acute circadian misalignment alters various metabolic processes. However, it remains unclear whether day-to-day circadian dysregulation contributes to these risks beyond poor sleep and other behavioral characteristics.
healthy adults asked to eat and sleep 12 hours out of phase from their regular schedules exhibited vascular and endocrine abnormalities, such as increased arterial pressure, a reversed daily cortisol rhythm, and postprandial glucose levels in the range of a prediabetic state (8) . And in the general population, people are influenced by environmental cues such as work schedules (9) that may enforce less extreme yet habitual misalignment between their intrinsic circadian clock and actual sleep-wake times, again with a potential impact on cardiometabolic risk.
An important individual difference relevant to circadian rhythms is naturally occurring variation in preferred bedtimes and subjective times of peak alertness, also known as an individual's chronotype. Relative to morning types, evening types prefer later bedtimes and later awakening. Evening types are also more likely to be depressed (10) , overweight (11) , diabetic, and hypertensive (12) , in comparison to morning types. However, the extent to which chronotype associates with preclinical endocrine, metabolic, and hemodynamic alterations among otherwise healthy adults is yet to be thoroughly explored.
A second form of circadian disruption, termed "social jetlag" (SJL), describes the chronic jetlag-like phenomenon occasioned by modern work schedules and reflects misalignment between an individual's endogenous circadian clock and actual sleep times (11, 13) . More specifically, individuals "travel back and forth" between "time zones" on workdays (socially imposed schedules) and free (ie, non-work) days (14) . SJL has been linked to measures of adiposity (11, 15, 16) , heart rate (16, 17) , and higher cortisol levels in healthy individuals (16) and to higher glycated hemoglobin levels in patients with type 2 diabetes (18) . Although these findings link SJL to various metabolic processes, these relationships may stem, in part, from confounding influences of correlated sociodemographic risk factors and poor health behaviors. For instance, an association of SJL with the presence of the metabolic syndrome and with elevated levels of the inflammatory marker Creactive protein in one recent study eroded to nonsignificance when controlling for either socioeconomic status or cigarette smoking (15) . Examining the association between SJL and an array of cardiometabolic parameters while controlling for concomitant risk factors such as socioeconomic status, sleep disturbances, poor health behaviors, and depression (19 -21) will help elucidate whether chronotype whether chronotype and/or SJL are independently associated with cardiometabolic risk and, if so, are broadly related or limited to specific metabolic and/or hemodynamic parameters.
Accordingly, in the present study we investigated whether chronotype and SJL covaried with components of cardiometabolic risk in a nonpatient sample of midlife community volunteers and whether any such associations persisted on adjustment for correlated variation in health practices, including behavioral and subjective measures of other sleep characteristics. In contrast to previous studies, where self-reported sleep schedules were commonly used to assess SJL, here we quantified SJL directly based on instrumental measurements of participants' sleep times.
Subjects and Methods

Subjects
Participants were 490 midlife men and women from the Adult Health and Behavior Project phase 2 (AHAB-II), a study of psychosocial factors, behavioral and biological risk factors, and preclinical vascular disease. AHAB-II was approved by the University of Pittsburgh Institutional Review Board (IRB). AHAB-II participants were recruited between March 2008 and October 2011 through mass mailings of recruitment letters to individuals randomly selected from voter registration and other public domain lists.
To be eligible to participate in AHAB-II, individuals had to be between the ages of 30 and 54 years and working at least 25 hours per week outside the home (this latter restriction was due to a substudy focusing on occupational stress). Individuals were excluded from participation if they: 1) had a history of clinically apparent cardiovascular disease, schizophrenia or bipolar disorder, chronic hepatitis, renal failure, neurological disorder, lung disease requiring drug treatment, or stage 2 hypertension (systolic/diastolic BP Ն 160/100 mm Hg); 2) excessively consumed alcohol (Ն five portions, three to four times per week); 3) used fish oil supplements (because of the requirements for another substudy); 4) were prescribed use of insulin, glucocorticoid, antiarrhythmic, antihypertensive, lipid-lowering, psychotropic, or prescription weight loss medications; 5) were pregnant; 6) had less than eighth grade reading skills; or 7) were shift workers. Participants signed an IRB-approved informed consent agreement when enrolled and received compensation up to US $410, depending on the extent of participation in study visits and protocol compliance.
Metabolic and cardiovascular risk components
Hemodynamic and metabolic variables were assessed in the morning after a 12-hour overnight fast. Study staff measured participants' height, weight, pulse rate, and waist circumference; collected a venous blood sample; and recorded medication usage and health status information. After a participant rested for 10 minutes, a registered nurse recorded the average of two seated BP measurements taken from the participant's right arm using a mercury sphygmomanometer (22) . Determination of standard serum total cholesterol, high-density lipoprotein (HDL) cholesterol, triglycerides, glucose, and insulin concentrations was performed by the Heinz Nutrition Laboratory, University of Pittsburgh Graduate School of Public Health. Insulin resistance was estimated by the homeostatic model assessment of insulin resistance (HOMA-IR) (23) . Low-density lipoprotein (LDL) cholesterol was calculated using the Friedewald equation.
Chronotype
The Composite Morningness Scale (CSM) (24) was used to characterize participants' chronotypes. The CSM has both high internal consistency (Cronbach ␣ Ͼ 0.80) and test-retest reliability (r Ͼ 0.88) (25) . Chronotype quantified by the CSM has been validated with respect to variation in the diurnal rhythms of body temperature and subjective alertness (26) . Total scores range from 13 (extreme eveningness) to 55 (extreme morningness). Here, chronotype was examined as a continuous score, and the distribution of the CSM total scores was multiplied by Ϫ1 so that a high value indicates greater eveningness.
Sleep and SJL
Participants were asked to wear the Actiwatch-16 (Philips Electronics), a wrist accelerometer that samples movement several times per second. Participants wore the Actiwatch 24 hours a day for 7 days and were instructed to keep the watch on even when showering. The monitoring period included at least one night preceding a free (ie, non-work) day to capture differences between sleep intervals preceding workdays and free days. Data were saved in 1-minute epochs and scored with Actiware software (version 5.59) using automated, standard medium thresholds. Sleep onset was defined as a period lasting at least 10 consecutive minutes with Ͻ 40 counts of activity (ie, movement) per epoch. Wake onset was defined as 10 consecutive minutes of Ն 40 activity counts per epoch. Midsleep, defined as the midpoint between sleep onset and wake onset, was calculated separately for each workday and free day and averaged within each day type. SJL was calculated as the absolute difference between the midpoints of sleep on free days vs workdays (11, 13) .
Actiwatch data were used to quantify additional sleep characteristics. Sleep duration was defined as the total time between sleep onset and wake onset, averaged across all monitoring nights. Sleep debt was calculated as the difference between average sleep duration on free days and workdays. As an estimate of sleep continuity (and possible sleep disturbances), sleep efficiency was calculated as the percentage of the total rest interval scored as total sleep time minus nonsleep time. Sleep quality was based on the Pittsburgh Sleep Quality Index (PSQI), a self-report questionnaire used to assess sleep quality and disturbance over the past month (27) . The PSQI has high internal consistency (Cronbach ␣ ϭ 0.83) and test-retest reliability (r ϭ 0.85) (27) . A global PSQI score Ͼ 5 indicates poor sleep quality. This threshold has a diagnostic sensitivity of 89.6% and specificity of 86.5%, distinguishing between healthy controls (good sleepers) and patients reporting sleep complaints (poor sleepers) (27) .
Health behaviors
Cigarette smoking, sedentary lifestyle, and poor diet increase the risk for cardiovascular disease, whereas light to moderate alcohol intake and increased physical activity reduce incident cardiovascular disease (28 -30) . To control for variation in health practices, the following behaviors were included as covariates: smoking status ("never or past smoker" ϭ 0, "current smoker" ϭ 1), alcohol intake (average number of alcoholic beverages that participants reported consuming per week), physical activity (average weekly kilocalories) (31) , and food intake (total caloric intake) (32) .
The Paffenbarger Physical Activity Questionnaire is a widely used instrument for estimating weekly kilocalories expended (31) from self-reported activities of daily living (eg, stairs climbed, blocks walked) and leisure activities requiring physical exertion (eg, sports, recreational pursuits), indexed to both frequency and duration. As employed in AHAB-II, the Paffenbarger questionnaire was referenced to average weekly levels of physical activity, as experienced over the past year. This instrument has high reliability (33) and convergent validity with several objective measures of physical activity and fitness, including maximal oxygen uptake (34) and body mass index (BMI) (35) . The Paffenbarger questionnaire is predictive of health conditions that are related to physical activity, including myocardial infarction (36) , and total cholesterol and fasting blood glucose (35) . From responses to this questionnaire, an estimate of average weekly energy expenditure, in kilocalories, was calculated (31) .
Diet was assessed with the Block Food Frequency Questionnaire (NutritionQuest). This instrument estimates customary intake of diverse nutrients and food groups, with item content developed from the NHANES 1999 -2002 dietary recall data (37, 38) . Participants completed this online survey with instruction and supervision by research staff trained in the use of Block Dietary Data Systems. The reference period was the previous 4 months.
Depressive symptomatology
Individuals with depression have a greater risk for developing cardiovascular disease relative to nondepressed individuals (39) . To adjust for possible confounding effects, depressive symptomatology was measured using the Center for Epidemiological Studies-Depression (CESD) scale (40) and included as a covariate in the current study. This 20-item measure assesses how frequently subjects experienced a range of psychological and physical symptoms of depression during the past week. Responses are on a 4-point scale ranging from 0 (rarely or none of the time [Ͻ1 d]) to 3 (most or all of the time [5 to 7 d]). Higher scores indicate more severe depressive symptomatology, with a maximum score of 60. The CESD has high internal consistency (Cronbach ␣ ‫؍‬ 0.87) (40) . To avoid confounding sleep problems and depressive symptoms, the total score minus the sleep item was used.
Statistical analyses
Data were analyzed with the SPSS software package, version 20 (IBM Corp). Due to a skew in the distribution of SJL scores, these values were normalized before analysis using a square-root transformation. The distributions of triglycerides, fasting insulin, glucose, and HOMA-IR were also skewed and normalized with log 10 transformations. In the primary set of analyses, hierarchical linear regressions were conducted to investigate the independent effects of chronotype and SJL on the several metabolic and cardiovascular variables collected here. Participant demographics (age, sex [1 ϭ male, 2 ϭ female], race [1 ϭ white, 2 ϭ nonwhite], educational attainment, and family income), sleep characteristics (sleep duration, sleep debt, sleep efficiency, selfreported sleep quality), and work status (part-vs full-time employment) were included as covariates in each model. Any significant associations were followed up with a second regression model that further controlled for possible confounding effects of health behaviors (physical activity, smoking status, caloric intake, and alcohol consumption) and depressive symptomatology.
Results
Participant characteristics
Of the 490 participants, nine were excluded for use of oral hypoglycemics (n ϭ 2), missing data for chronotype (n ϭ 2), or missing data for one or more cardiometabolic risk factors (n ϭ 5). Of the remaining 481 participants, 18 did not have actigraphy data, and 14 additional participants did not have actigraphy data available for at least one non-workday, which precluded the calculation of sleep debt and SJL, and thus were excluded. Finally, two participants were excluded as statistical outliers for SJL values (Ͼ3 SD from the mean of the normalized SJL distribution). The final sample included 447 participants.
As shown in Figure 1 , most participants (84.8%) had a later midsleep on free days compared to workdays, which indicates that these individuals had a circadian phase advance in their sleep timing when transitioning from free days to workdays. In contrast, 68 participants (15.2%) had an earlier midsleep on free days relative to workdays (ie, phase delay when shifting from free days to workdays). Table 1 lists participant characteristics and the bivariate correlation of each characteristic with chronotype and SJL. Greater eveningness correlated moderately with SJL in the current sample (r ϭ 0.13; P ϭ .007). Evening chronotype was associated with younger age, lower family income, later average bed time and later average wake time, greater sleep debt, poorer sleep quality, greater depressive symptomology, and less physical activity (P Ͻ .05). SJL was associated with fewer years of schooling, greater sleep debt, poorer sleep quality, and lower physical activity (P Ͻ .05). None of the other associations we examined were statistically significant (P Ͼ .05). Table 2 reports the effects of chronotype and SJL, as independent predictors, on metabolic and vascular risk parameters. After controlling for participant sleep characteristics and demographic variables (model 1), evening chronotype was related to higher triglycerides and lower HDL cholesterol (P Ͻ .05); greater SJL associated positively with triglycerides, fasting insulin, insulin resistance, waist circumference, and BMI, and negatively with HDL-cholesterol (P Ͻ .05). Further controlling for health behaviors and depressive symptomatology (model 2) rendered the association of chronotype with triglycerides nonsignificant (P Ͼ .05) and with HDL-cholesterol marginally significant (P ϭ .047), whereas all correlates of SJL remained significant (P Ͻ .05; Table 3 ). To illustrate these associations, Table 4 presents mean values of the metabolic variables among individuals experiencing Ͼ 60 min of SJL, relative to all other participants. Finally, neither chronotype nor SJL was related significantly to resting heart rate or BP (P Ͼ .05).
Metabolic and vascular risk factors
Discussion
The primary aim of this study was to examine whether chronotype and/or SJL associate with cardiometabolic press.endocrine.org/journal/jcemrisk factors. Our results show that a mismatch in sleep timing between workdays and free days linked to greater cardiometabolic risk, specifically with components of glycemic control, serum lipids, and adiposity. In addition, these effects persisted after adjusting for correlated variation in other sleep parameters (ie, duration, sleep efficiency, and sleep quality), and with further adjustment for participant health behaviors (notably, physical activity, caloric intake, and alcohol consumption). To our knowledge, this is the first study to show SJL associated with numerous metabolic risk factors in community-dwelling, midlife adults, independently of poor sleep characteristics and health behaviors. Consistent with previous reports, chronotype correlated with age in the current sample (r ϭ Ϫ0.20) (41). Eveningness tends to peak at approximately 20 years of age, and individuals progressively demonstrate increasing morningness during midlife (41) . We found that our sample of middle-aged adults had a small proportion of evening types, such that only 4.9% (n ϭ 22) of the participants met a conventional threshold for evening chronotype (CSM score Յ 26) (26). It is possible that the low number of evening types in the current sample contributed to the null results. Given that evening chronotypes were more likely to experience SJL compared to morning types (r ϭ 0.13), it is not surprising that the mean SJL was only 44 minutes (SD, 32 min) in the current sample. Previous population studies have reported a wide range of SJL (0 to 4ϩ h) (11, 13) , whereas only 6% (n ϭ 28) of the current sample experienced SJL of 1 hour or more. Two additional participants had SJL Ͼ 3.5 hours but were excluded as statistical outliers. It is therefore possible that the associations of SJL with metabolic risk factors seen here may underestimate those in the general population, warranting replication across a wider range of SJL. We found that SJL was associated with both higher fasting insulin and HOMA-derived insulin resistance. It is important to note that the HOMA-IR index is a steadystate measure of baseline insulin and glucose function, whereas postprandial, dynamic measures such as the oral glucose tolerance test quantify the dynamic interplay of insulin sensitivity and ␤-cell insulin secretion (42) . There is evidence that both fasting and postprandial glucose (44) . Because postprandial measures of glucose metabolism are unavailable in this study, it is possible that the effects of chronotype and SJL on glucose metabolism were underestimated. To comprehensively examine whether these forms of circadian disruptions lead to metabolic dysregulation and subsequent cardiovascular risk, future studies should include both fasting and postprandial measures. We considered the possibility that SJL was related to metabolic risk via poor health behaviors. Physical activity was associated with all dependent variables; greater alcohol consumption, with higher glucose and lower HDLcholesterol; smoking, with higher total cholesterol; and calories consumed, with higher systolic BP (data not shown). Controlling for variability in these health behaviors did not alter observed effects of SJL on the dependent variables, suggesting that these associations are mediated by other mechanisms.
SJL might also contribute to metabolic risk via co-occurring sleep deprivation or poor sleep. In accord with previous reports, we found greater SJL linked to earlier wake times and shorter sleep durations on workdays, as well as later wake times and longer sleep duration on free days (P Ͻ .05) (14) . The relatively later awakening time on free days may be perpetuating a cycle of circadian misalignment because it delays circadian timing, thus interfering with entrainment to workday schedules (45) . Individuals may be sleeping longer on free days to compensate for sleep debt accumulated (4) from the work week. Sleep debt, quantified here as the difference in sleep duration between workdays and free days, was moderately correlated with SJL (r ϭ 0.44). Consistent with previous reports (1, 3) , sleep debt in the current sample was associated with various metabolic risk factors, including insulin resistance and measures of adiposity (P Ͻ .05). Previous reports have also linked other sleep disorders, such as sleep apnea, with poor health outcomes (46) . To examine the effect of sleep disturbances, we quantified sleep efficiency. Sleep efficiency was not correlated with SJL (P Ͼ .05), and controlling for this variable did not attenuate any of the observed SJL effects. Given that shift workers were excluded from the study, the presence of shift work sleep disorder was not a confounding variable here. Thus, our findings suggest that SJL heightens metabolic risk through a misalignment in circadian rhythms rather than by sleep disturbances per se.
SJL refers to a mismatch between biological and social timing (14) and may contribute to metabolic risk by desynchronizing the temporal organization of various metabolic processes. At the molecular level, the central clock (in the suprachiasmatic nucleus) and peripheral oscillators throughout the body comprise a self-sustaining network of transcriptional-translational feedback loops that drive 24-hour expression patterns of core clock genes (47) . Regions throughout the brain have autonomous circadian oscillators that re-entrain at different rates when they are isolated and then re-exposed to light cues (48) . In regard to physiological processes, fat accumulation in adipose tissues, insulin secretion in the pancreas and liver, and food absorption in the intestine all show tissue-specific circadian rhythms (47) . Taken together, a disruption in the circadian system triggered by SJL could dysregulate the temporal organization of both central and peripheral rhythms and, in turn, promote metabolic abnormalities. Our report extends findings from both acute circadian misalignment paradigms and prospective shift-work studies by demonstrating a link between SJL and metabolic abnormalities (8, 11) . We found that SJL was specifically related to greater insulin concentrations, insulin resistance, higher levels of triglycerides, and greater waist circumference and BMI. In contrast to previous reports (16, 17) , we did not find SJL associated with heart rate. These results suggest that there is a direct effect of habitual misalignments in sleep time on various metabolic parameters and warrant prospective studies to determine the longterm effects of SJL.
The use of actigraphy to quantify SJL is a strength of the current study. Actigraphy provides a behavioral measure of sleep patterns that, unlike self-reported questionnaires, is not influenced by retrospective reporting bias. Nevertheless, some study limitations should be noted. Objective measures of circadian phase were unavailable in this sample, and it is unclear whether the individuals with SJL and/or self-reported evening chronotypes differ in their biological circadian phase. Given that hemodynamic and metabolic factors show circadian rhythms and that individuals vary in the timing of these rhythms, it is possible that our method of collecting samples within the same morning time frame across all participants (ie, irrespective of chronotype) may have led to an underestimation of variability in cardiometabolic risk factors and thus the effects of chronotype. In addition, the current study quantified average caloric intake and energy expenditure but did not examine the timing of these activities. Emerging evidence from both rodent and human studies suggests that food consumption during habitual sleep or rest times (ie, evenings in humans) is associated with greater risk for obesity (49, 50) The timing of meals serves as a behavioral zeitgeber that can entrain peripheral clocks (51) . It is thus possible that eating during habitual sleep times may occur as a consequence or perpetuation of SJL and warrants future studies to consider the effects of both disrupted sleep and mealtime rhythms. Lastly, the cross-sectional design of the current study precludes causal inferences and warrants future prospective studies to extend the present findings.
In summary, the current study presents the first evidence that behaviorally quantified SJL is related to a cluster of metabolic risk factors in midlife adults. Our results, along with other recent reports, suggest that a misalignment of the biological and socially influenced sleep timing is an additional factor contributing to risk for developing obesity, type 2 diabetes, and atherosclerotic cardiovascular disease and highlight the potential for sleep and circadian-focused interventions in preventative health care.
